† Background and Aims Developing a conceptual and functional framework for simulating annual long-term carbohydrate storage and mobilization in trees has been a weak point for virtually all tree models. This paper provides a novel approach for solving this problem using empirical field data and details of structural components of simulated trees to estimate the total carbohydrate stored over a dormant season and available for mobilization during spring budbreak. † Methods The seasonal patterns of mobilization and storage of non-structural carbohydrates in bark and wood of the scion and rootstock crowns of the trunks of peach (Prunus persica) trees were analysed subsequent to treatments designed to maximize differences in source -sink behaviour during the growing season. Mature peach trees received one of three treatments (defruited and no pruning, severe pruning to 1 . 0 m, and unthinned with no pruning) in late winter, just prior to budbreak. Selected trees of each treatment were harvested at four times (March, June, August and November) and slices of trunk and root crown tissue above and below the graft union were removed for carbohydrate analysis. Inner bark and xylem tissues from the first to fifth rings were separated and analysed for non-structural carbohydrates. Data from these experiments were then used to estimate the amount of non-structural carbohydrates available for mobilization and to parameterize a carbohydrate storage sub-model in the functionalstructural L-PEACH model. † Key Results The mass fraction of carbohydrates in all sample tissues decreased from March to June, but the decrease was greatest in the severely pruned and unthinned treatments. November carbohydrate mass fractions in all tissues recovered to values similar to those in the previous March, except in the older xylem rings of the severely pruned and unthinned treatment. Carbohydrate storage sink capacity in trunks was empirically estimated from the mean maximum measured trunk non-structural carbohydrate mass fractions. The carbohydrate storage source available for mobilization was estimated from these maximum mass fractions and the early summer minimum mass fractions remaining in these tissues in the severe treatments that maximized mobilization of stored carbohydrates. The L-PEACH sink-source carbohydrate distribution framework was then used along with simulated tree structure to successfully simulate annual carbohydrate storage sink and source behaviour over years. † Conclusions The sink-source concept of carbohydrate distribution within a tree was extended to include winter carbohydrate storage and spring mobilization by considering the storage sink and source as a function of the collective capacity of active xylem and phloem tissue of the tree, and its annual behaviour was effectively simulated using the L-PEACH functional -structural plant model.
INTRODUCTION
Carbohydrate reserves, defined as carbohydrate resources accumulated in plant tissues that can be mobilized at a later date, are recognized to play an essential role in the survival and productivity of temperate deciduous fruit trees. They are essential to support early spring growth after winter dormancy when the metabolism of many parts of the plant increase and active growth begins but there are no leaves on the tree to supply photosynthates (Oliveira and Priestley, 1988; Kozlowski, 1992) . Carbohydrate reserves have been studied in trees for more than a century (Hartig, 1858) and their nature, location and seasonal behaviour have been documented in many types of forest and fruit trees (Priestley, 1970; Oliveira and Priestley, 1988; Dickson, 1991; Kozlowski, 1992) .
Starch is usually the most prevalent form of long-term carbohydrate reserve in temperate deciduous trees during the growing season until autumn, but during the transition from autumn to winter many species convert starch into soluble carbohydrates. Carbohydrate mass fractions tend to be higher in bark tissues but reserves stored in the woody parenchyma tissues of the root, trunk and stems are quantitatively most important (Kozlowski and Keller, 1966) . In tissues of some species carbohydrate reserves can constitute 20-35 % of the total dry matter (Oliveira and Priestley, 1988) .
The seasonal dynamics of carbohydrate reserves have been studied in numerous tree species, and almost all temperate deciduous tree species are characterized by having high mass fractions of reserves in late autumn and winter followed by depletion during the grand period of growth in spring and a gradual buildup of reserves during the summer and early autumn (Kozlowski et al., 1991) . Deciduous fruit trees often have low rates of reserve accumulation during summer or early autumn periods that correspond to peak times of fruit growth (Ryugo and Davis, 1959; Priestley, 1970) .
In spite of the essential nature of carbohydrate reserves for tree survival and productivity there is no clear understanding about how allocation of carbohydrates to storage reserves occurs in trees. The prevailing view has been that trees store carbohydrate reserves during times of excess photosynthate production (when current supply exceeds demands for growth and tissue metabolism) and deplete reserves when the potential rate of carbohydrate utilization exceeds the rate of current photosynthate production (Oliveira and Priestley, 1988; Dickson, 1991; Kozslowski et al., 1991) . In 1994, Cannell and Dewar challenged this concept and argued that because storage reserves are so important for the survival of perennial plants, it may not be correct to treat storage sinks as passive reservoirs. They argued that reserves are not an 'optional extra'. They cited cases when there appeared to be control mechanisms for the use of carbohydrate reserves and that storage sinks are refilled at the same time as the growth of other sinks for carbohydrates (Weinstein et al., 1991) . Evaluation of the seasonal dynamics of reserve mobilization and accumulation that correspond to periods of shoot and fruit growth indicates that, although rates of reserve accumulation are generally lower when fruit growth rates are high, reserve accumulation still occurs during this period even though potential fruit growth rates are probably not saturated (Priestley, 1970; Ryugo et al., 1977) . Similarly, although autumn appears to be the main period for accumulation of carbohydrate reserves in temperate deciduous trees, significant amounts of reserves are accumulated during active growth in the summer period (Barbaroux and Breda, 2002; Landhausser and Lieffers, 2003; Wong et al., 2003) . Wargo (1979) reported that substantial storage of carbohydrates preceded radial growth of Acer saccharum roots and speculated that root reserve storage in maple may have a higher priority for transported carbohydrates than growth. Silpi et al. (2007) attempted to test the Cannell and Dewar (1994) hypothesis directly by tapping rubber trees to deplete carbohydrate reserves during the growing period, and observed that the rate of carbohydrate reserve storage increased to more than compensate for the depletion of reserves caused by latex production. Thus, storage reserves appeared to be an active sink that could compete with growth for transported carbohydrates.
The lack of understanding and clear concepts regarding the dynamics of reserve storage and mobilization in perennial plants has been a major limitation in carbon-based models of tree growth (Lacointe, 2000; Le Roux et al., 2001) and is a substantial unresolved issue facing forest tree physiologists and ecologists (Epron et al., 2012; Sala et al., 2012) . The view of reserve storage as a passive buffer means that carbohydrate partitioning into storage is modelled passively when all other sinks are satisfied. This was the approach that was used in an early carbon budget model of peach tree growth and productivity (Grossman and DeJong, 1994) .
The L-PEACH functional -structural plant model (Allen et al., 2005; Lopez et al., 2008) simulates the development and growth of a plant's architecture, tracks all functional elements during growth and exchanges carbon and water (Da Silva et al., 2011) between the plant's elements while individual components are sensitive to local availability of carbon and water as well as environmental factors. This model has no set carbohydrate allocation patterns; instead carbohydrate distribution is governed by the relative carbon demands of each carbohydrate sink, the proximity of the sinks to carbohydrate sources and resistances along the transport pathways. Early versions of this model included the concept that carbohydrate storage is an active sink (and source during a re-mobilization period in the spring) (Allen et al., 2005; Lopez et al., 2008) . However, the processes involved were never correctly implemented or validated because of lack of understanding and quantitative information about the dynamics of this long-term storage sink/source.
To treat the carbohydrate storage reserves as an active sink (and source in the spring) in a dynamic carbon distribution system requires that the potential carbohydrate demand of the storage sink (and the potential source when carbohydrates are mobilized) be defined and quantified. The most important carbohydrate storage organs in deciduous trees are the major roots, trunk and major branches (Kozlowski, 1992) . While mass fractions of carbohydrates can be greater in phloem tissue than xylem, the relative mass of active xylem tissue is much greater than that of active phloem tissue; sapwood is thus the primary storage tissue of large trees (Kozlowski, 1992) . Furthermore, virtually all of the xylem carbohydrates capable of being stored and subsequently mobilized are stored in radial and axial xylem parenchyma (Oliveira and Priestly, 1988; Kozlowski, 1992) and the distribution of xylem parenchyma in trees is characteristic of specific taxonomic groups (Zimmermann, 1971) . This means that the upper limit of longterm carbohydrate storage in a deciduous tree is mainly determined by the mass fraction of xylem parenchyma characteristic of the sapwood of that species. Thus, the storage potential of perennial tissues of deciduous trees can be quantified by determining the mass fraction of stored carbohydrates in the sapwood of a tree under conditions in which the storage sink would be expected to be saturated and by quantifying the total amount of sapwood in the tree. By the same reasoning, the potential source of xylem carbohydrates that are available for mobilization would be represented by the difference between the maximum mass fraction of carbohydrates in the bark and sapwood and the minimum mass fraction at the end of spring, under conditions when it would be expected that all available reserves have been mobilized.
Research with several temperate deciduous species indicates that xylem tissue can store and mobilize reserve carbohydrates for many years after a secondary growth ring is formed. However, the extent to which carbohydrates are mobilized and restored in older tissue appears to decline with age and varies with species (Wargo, 1979; Barbaroux and Breda, 2002; Wong et al., 2003) . Lacointe et al. (1993) reported that walnut trees mobilized few reserves that were formed more than 2 years previous to the mobilization period. Keller and Loescher (1989) also reported that seasonal storage and remobilization of nonstructural carbohydrates were greatly reduced in wood more than 3 years old in mature sweet cherry trees. Definitive information about how much of the woody tissue of trees is active in storage and mobilization of carbohydrate reserves is essential for quantifying reserves available for mobilization and the capacity for reserve storage in peach trees.
The first objective of this research was to experimentally determine the mass fraction of non-structural carbohydrates present in the bark and wood of mature peach trees under conditions when it was likely that those mass fractions would represent the maximum and minimum in an annual cycle. Furthermore, the experiment was conducted in such a way as to determine how much the maximum and minimum mass fractions varied among woody tissues of different ages and to determine if storage tissue could be modelled as one unit or if subcompartments of different aged tissue should be modelled individually. The second objective was to use the data from the field experiment to develop a better conceptual and quantitative understanding of how to handle carbohydrate storage and mobilization in carbon-driven dynamic simulation models of peach tree growth and development, and to fully implement a long-term carbohydrate storage sub-model in the functional-structural L-PEACH model.
To achieve the first objective and ensure that the results of the field study would reflect the capacity of peach trees to mobilize and replenish carbohydrate reserves in their trunks, we compared two treatments that were designed to maximize utilization of reserves (severe dormant pruning and unthinned) with a treatment we assumed would minimize the need for mobilization of reserves (defruited).
MATERIALS AND METHODS

Field study
The field study was performed on 16-year-old peach trees (Prunus persica, 'O'Henry' scion grafted on 'Lovell' rootstock) growing in a semi-commercial orchard at the University of California Wolfskill Experimental Orchard near Winters, CA, USA. The trees were planted in January 1990 in a Yolo clay loam soil and trained to have two major scaffold branches, as in the KAC-V system . Prior to this experiment, which was initiated in 2005, pruning, irrigation, fertilization and pest control were conducted according to local commercial practices. The height of the trees at the beginning of the experiment was 4 . 0 m.
On 1 March [day of year (DoY) 61], 60 trees growing in four rows of the orchard were selected for the study based on their apparent health and uniformity. At that time six trees were cut down and the stumps and major roots were pulled out of the soil with a tractor. After removal from the soil, two radial slices (,1 cm thick) of the trunk ( 20 cm above the graft union) and root crown ( 10 cm below the graft union) were obtained using a chain saw. These samples were later used for carbohydrate analyses.
The remaining 54 trees were assigned to one of three treatments designed to have dramatic effects on source -sink relationships. Trees in one treatment received a severe pruning treatment in which the tops of the two main scaffolds were removed to a height of about 1 m above the ground. This treatment was designed to eliminate reproductive sink development and stimulate strong vegetative growth in the form of epicormic shoots (Pernice et al., 2006) . The canopies of the trees in the other two treatments were left intact and did not receive any subsequent pruning. The second set of trees set a heavy crop and the fruit was not thinned in order to maximize the reproductive sink (unthinned treatment). All the flowers were removed from the third set of trees (defruited treatment) to eliminate the reproductive sinks and maximize the amount of carbohydrates available to be allocated to storage during the growing season.
On 6 June, 5 August and 5 November (DoY 158, 218 and 313, respectively), six trees from each of the three treatments were cut down and removed from the soil, and sample slices of the trunk and root crown (above and below the graft union, respectively) were obtained as described above for the initial six trees. Upon removal, the samples were placed in an ice-chest and subsequently stored at 0 8C until they were further dissected in the laboratory. In the laboratory, a minimum of 1 . 0 g of tissue was removed from the inner layer of the bark and each of the five most recent annual rings of xylem. However, only xylem tissue from the first, third and fifth rings (counting inwards from the outer ring) was analysed. Analysis was restricted to the five outer rings of xylem because, in the trees studied, it was apparent that heartwood began to form in rings older than 6 years.
The tissue samples were subsequently dried to a constant mass at 60 8C, weighed and ground to pass a 40-mesh (0 . 60 mm) screen. To decrease the number of samples required to be analysed, equal portions (by mass) of dried, ground tissue of each sample type from two trees from the same treatment and sampling date were combined and thoroughly mixed prior to tissue analysis. Thus, each tissue analysis was performed on a pooled tissue sample from two individual trees. The tissue samples were analysed for starch and soluble non-structural carbohydrates by standard methods (Smith, 1968) at the Division of Agriculture and Natural Resources Analytical Laboratory at the University of California, Davis, CA (ANR Analytical Lab, http://anlab.ucdavis.edu/). Starch was hydrolysed with amyloglucosidase, and glucose, sucrose, fructose and sorbitol were analysed by HPLC (Johansen et al., 1996) with a fast carbohydrate column (HPAP, Bio-Rad Laboratories, Hercules, CA). Mass fractions of total glucose after starch hydrolysis, sucrose, fructose and sorbitol were summed to give an estimate of total non-structural carbohydrates (TNC).
To estimate the significance of each of the four factors of this study, i.e. tissue age, date, treatment and location (scion or root), a four-way ANOVA was carried out. The statistical significances of the differences between the observed TNC values were then assessed using Tukey's honestly significant difference (HSD) test. These statistical analyses were performed using R software version 2 . 13 . 1.
Modelling
L-PEACH is a functional -structural model that simulates the development and growth of P. persica trees based on carbon and water exchanges (Allen et al., 2005; Lopez et al., 2008; Da Silva et al., 2011) . The model is based on the premise that trees can be viewed as being composed of a collection of semi-autonomous organs interacting with each other and the environment and competing for resources based on their individual development and growth potentials and their location within the tree transport network. The transport network is supported by the tree topology, which is organized as Markovian sub-models. These submodels control both the succession and branching patterns of growth units along axes in terms of shoot type (Guédon et al., 2001; Lopez et al., 2008) , whereas shoot initiation is controlled by carbon and water availability and the environmental conditions. To distribute carbohydrate around the plant, L-PEACH contains multiple sub-models for calculating the potential source ( photosynthesis and storage mobilization) and sink (growth, respiration and storage) behaviour of all the major organs of the tree in response to the environment and management practices over multiple years. All sub-models were estimated on previously collected data sets or adapted from the literature. Carbohydrate is then distributed as a function of the individual source and sink strength of all organs and the resistances along the pathways between them. Resistance varies depending on organ type (e.g. stem or petiole) and location (e.g. root or scion).
The underlying mechanism for modelling carbohydrate transport and partitioning uses an analogy with an electrical circuit to compute the flow between all components (Allen et al., 2005) . A schematic representation of this modelling analogy is illustrated in Fig. 1 . As stated above, the concept of storage being an active sink was included in previous versions of the model and the stored carbohydrate available for mobilization was modelled as a capacitor within the electrical sub-circuit representing the organ storage. This capacitor discharged when carbohydrate storage was mobilized, thus acting as an active source, and charged when storage was a sink. However, the switch between source and sink, i.e. the remobilization period, was user-defined, and a more quantitative approach to modelling the carbohydrate demand of the storage sink and the maximum carbohydrate available for mobilization needed to be developed.
In the electrical analogy, sources and sinks are defined by their electromotive force (emf ), which can be viewed as their 'strength'. The electromotive forces of the whole system are subsequently used to determine the voltage (or carbohydrate mass fraction) at each attachment point of sources and sinks. Simply put, for a pure sink emf ¼ 0 while for a pure source emf ¼ 1. In the case of a process that can act as both source and sink, a shift between these values is necessary to simulate the passage from sink to source and vice versa. However, such a drastic change is unlikely to be a natural process and, moreover, it requires additional information about when and why this switch occurs. To tackle this, we defined the storage emf as a function of the capacitor charge. It is 0 as long as TNC is below the minimum value and increases along a simple logistic curve to reach the value of 1 when TNC reaches its potential value. In this way, source or sink activity depends on the local conditions of carbohydrate allocation and, along with the pattern of TNC during the season, these activities are emergent properties of the model.
The carbohydrate demand of the storage sink and the maximum carbohydrate available for mobilization were defined and quantified from the experimental field data. Since storage in woody tissue represents the majority of carbohydrates stored in perennial tissues of deciduous trees, the mass fraction of stored carbohydrates in the active sapwood of a tree under conditions in which the storage sinks would be expected to be saturated was used as the potential sink storage (i.e. the mean maximum values measured in the non-fruited, non-pruned treatment in the field). By the same reasoning, the maximum amount of carbohydrate available for mobilization was assumed to be represented by the difference between the maximum mass fraction of carbohydrates in the sapwood and the minimum mass fraction under 'healthy' conditions, when it would be expected that all available reserves have been mobilized (i.e. the severe pruning or unthinned treatment in the field study without carbon starvation, water stress or any disease).
The L-PEACH model simulates the secondary growth of each metamer of shoot as a unit and does not explicitly simulate the internal structure of the shoot or root, i.e. bark and xylem rings. Therefore, an additional objective was to determine if the behaviour of these different tissues in terms of TNC should be explicitly taken into account in order to adequately model the dynamics of carbohydrate storage.
RESULTS
Field study
The source-sink manipulation treatments imposed at the outset of the experiment resulted in vastly different demands on the allocation of carbohydrates for supporting growth in the three different treatments. By 6 June and 5 August the mean fruit fresh weight of trees in the unthinned treatment was 23 . 8 + 1 . 8 (s.e.) and 54 . 4 + 5 . 2 kg/tree, respectively, while there was no crop in the other two treatments. On the other hand, the severely pruned treatment initially had very little leaf area development because all that remained after severe pruning was a trunk with the bases of two large scaffolds, but by 6 June the trees regenerated a substantial amount of photosynthetic canopy by producing a mean + s.e. of 6 . 56 + 0 . 43 kg/tree of epicormic shoots. Although leaf weight was not determined, previous research (Pernice et al., 2006) indicated that leaves account for 45 % of the weight of epicormic peach shoots at this time. Thus, the severely pruned trees had approximately 3 kg of leaves per tree by 6 June. While new vegetative shoot growth in trees of the defruited treatment was not quantitatively measured, visually it was clear that these trees did not produce as much new growth as the severely pruned treatment and vegetative growth in the heavily cropped treatment was also clearly less than that in either of the non-cropping treatments. The statistical analysis showed that the main effects of all four factors were significant, as were also the two-way interactions involving date. The TNC mass fractions observed were significantly different for each wood age, location and date except for August and November, when they did not exhibit significant differences. Finally, the contrasting source-sink manipulations had clear effects, as the TNC mass fractions from the defruited treatment were significantly different from those in the two other treatments, i.e. severe pruning and unthinned (Supplementary Data Tables S1-5 ). To better analyse the seasonal patterns of TNC mass fractions, the results were separated by treatment and location, as displayed in Fig. 2 . Two-way ANOVA and Tukey's HSD test were repeated on each of these subsets (Supplementary Data Tables 6-11) .
Mean March TNC mass fractions in the scion wood were not significantly different (7 . 33 -7 . 93 %) in rings 1, 3 and 5, while the mass fraction in the bark was significantly higher (12 . 43 %) ( Table 1) . Mean TNC mass fractions in all active root crown wood tissue in March (11 . 40-13 . 30 %) were significantly higher than in the trunk wood, and outer wood rings tended to have higher mass fractions than the inner rings (Table 1) . Mean TNC mass fraction in the root crown bark tissue (15 . 90 %) was also significantly higher than that in the trunk bark (12 . 43 %).
Declines in mean TNC mass fractions in bark and wood tissues were apparent in both trunk and root crown by the June sampling time (Fig. 2) . Declines in TNC mass fractions between the March and June sampling periods were greatest in trees in the unthinned and severely pruned treatments, while decreases were moderate or barely apparent in some defruited treatment samples.
At the August sampling date (DoY 218), bark TNC mass fractions exceeded what they had been in March in both the trunk and root crown samples of defruited treatment trees (Fig. 2C, F) . During the same period, bark TNC mass fractions in the severely pruned treatment recovered to about the same level as in March ( Fig. 2A, D) , but the bark mass fractions of the unthinned treatment were the slowest to recover (Fig. 2B, E) . In August, TNC 
FIG. 2. Seasonal patterns of mean (+ s.e.) TNC ( % dry weight) mass fractions in the inner bark tissue and xylem tissue in the 1-, 3-and 5 yr-old xylem rings of the scion (A, B and C) and root (D, E and F) crown of peach trees subjected to three source-sink manipulation treatments: severe pruning (A, D), unthinned (B, E) and defruited (C, F).
mass fractions in the xylem tissues of the defruited trees had recovered to the March levels ( Fig. 2C, F) . In the woody tissues of the severely pruned trees, recovery of TNC mass fractions between June and August was apparent but values remained substantially less than the initial values in March ( Fig. 2A, D) . Mobilization of TNC out of the root xylem tissues apparently continued until the August sampling date in the unthinned treatment, but this was not as apparent in the trunk xylem tissue, and neither was TNC recovery (Fig. 1B, E) . By the November sampling (DoY 313), mean TNC mass fractions in almost all treatments and tissues had recovered to common levels with no significant difference from their respective levels in March (Fig. 2) . The exceptions to this were some of the older xylem rings of the severe pruning and unthinned treatments, which remained significantly lower. The higher mass fraction in November than in March of some bark samples was not statistically significant.
To further elucidate potential differences in carbohydrate mobilization between tissues from different locations (ring age and trunk or root crown), the percentage declines in mean TNC mass fractions from the March samples to the minimum mass fractions registered for the same tissue type and age during the season were calculated (Table 1) . These data represent estimates of the maximum TNC mobilization for the bark and different aged xylem rings in the trunk and the root crowns. The apparent maximum mobilization of TNC was greater in xylem tissue than in bark in both the root crown and trunk.
The TNC mass fraction in the March xylem samples seemed to decline with ring age in the root crown, and this was accompanied by a tendency to age-associated decreases in mean estimates of maximum mobilization of TNC in the same tissues (Table 1) . However, this apparent decrease was not statistically significant. Similar tendencies in declines with age were not apparent in the trunk (scion) xylem tissue.
Modelling
In light of the observed patterns of carbohydrate storage and mobilization in the different tissues and in both scion and root, it appeared that a detailed model of the root and shoot structure was not necessary and could be replaced by a unique storage capacity representing the bark and the different rings. To this end, the carbohydrate storage capacity (CSC) of shoot and root was estimated from a weighted mean of the respective parts and potential (maximum) and minimum carbohydrate mass fractions measured in the field. For this weighted mean, the bark value accounted for one-sixth, whereas the three xylem ring values equally represented the remaining five-sixths. (1)
These weighted means are presented in Table 2 . The difference between these values indicated that an average of 44 % of the stored carbohydrate was available for mobilization under the conditions of the field experiment. We assumed that the potential CSC of the storage sink could be estimated from the biomass of the woody structures of the shoot and root and the potential TNC mass fraction of those structures, i.e.:
Furthermore, we assumed that the amount of storage available for mobilization at any time could be deduced from the experimentally estimated percentage decline as the difference between the actual storage and the product of the CSC and the percentage decline.
Simulations depicting carbohydrate storage and mobilization behaviour results were obtained on a virtual tree that was grown on the computer, where the potential and minimal TNC mass fractions were set according to the values shown in Table 2 . After five normal years of simulated growth (i.e. grown and pruned to simulate the commercial practices of the orchard), at the beginning of the sixth year of simulated growth the tree was put in one of the treatment conditions of the field experiment: (1) severely pruned; (2) unthinned; or (3) defruited. As shown in Fig. 3 , the simulated TNCs at the beginning of the season were the potential ones as defined in Table 2 , showing that the model successfully simulated storage accumulation under the orchard conditions during the first 5 years. The simulated TNCs then decreased as storage mobilization took place and reached a minimum value slightly above the minimum indicated in Table 2 . The mobilization period was followed by a period when carbohydrates accumulated again towards their initial ratio. The overall behaviour of mobilization and refill of Values with different superscript letters differ significantly (P , 0 . 01).
storage carbohydrate generally matched the experimental pattern (whisker dots in Fig. 3 ). For the hard pruning experiment (Fig. 3A, D) , the simulated carbohydrate mobilization seemed to be delayed and/or slower than the observed TNCs for both the scion and the root. The minimum was reached around DoY 200 and was above the observed minimum on DoY 150. In contrast, the simulated refill of storage happened faster and TNC attained their initial values between DoY 250 and 300, whereas the last observed carbohydrate mass fractions on DoY 313 were still substantially below the original values. In the unthinned experiment (Fig. 3B, E ) the scion TNC reached a minimum value around DoY 125 before starting a refill slightly faster than the one suggested by the experimental data, and returned to its initial value between DoY 250 and 300, more quickly than the observed values. The mobilization period of root carbohydrate storage lasted longer than that for the scion but was faster than what the experimental data suggested. Root TNC reached its minimum by DoY 150, which was below the observed data at that time. For the defruited experiment (Fig. 3C, F) the scion TNC reached a minimum value around DoY 100 that was not visible in the experimental samples, this date being between two measurement dates. The refill speed consecutive to this minimum was on a par with the data except for the value above the target and the slight decrease at the end of the season. The mobilization in roots showed a similar but amplified pattern, with a large discrepancy at DOY 150, when the minimum was reached.
DISCUSSION
This study clearly indicates that in peach trees sapwood age up to 5 years had a relatively modest and statistically insignificant effect on the capacity of xylem tissue to either mobilize reserve carbohydrates in the spring or replenish reserves after spring mobilization. The minimal effect of wood age on the apparent annual carbohydrate storage/remobilization activity in this study was less than has been reported for wood of sweet cherry trees (Keller and Loescher, 1989) or walnut (Lacointe et al., 1995) . The general rate of loss of this function with age appeared to be similar to that reported for wood of sessile oak (Quercus petraea) (Barbaroux and Breda, 2002) . Interestingly, the percentage decrease in TNC mass fractions between the March sample and the minimum summer sample for a given age of wood (Table 1) tended to decline with age in the root crown samples but tended to increase with age in the trunk samples. This was partly because the apparent storage capacity of the root crown tissues (as reflected by the March TNC mass fractions) decreased with age while the apparent minimum TNC mass fractions remained similar, but the apparent storage capacity tended to remain constant in different-aged wood in the trunk while the apparent minimum TNC mass fraction declined. The mean maximum TNC mass fractions (measured in March and November) were between 20 and 45 % higher in the root crown than in the scion trunk in spite of the fact that the distance between where these two samples were taken was not more than 30 cm. It is not possible to ascertain from this study if the differences between the root crown and trunk values indicate genotypic differences in the carbohydrate storage capacity of the two genotypes (rootstock versus scion) involved or root versus shoot storage characteristics. In previous research with mature peach trees involving two scion cultivars growing on six different rootstocks, analysis of plugs of wood tissue taken from above and below the graft union indicated consistently higher TNC mass fractions in the roots than the trunks (L. Solari, B. Basile and T. M. DeJong, unpubl. data). Thus, as suggested by Loescher et al. (1990) , it appears likely that the higher mass fractions of carbohydrate storage in the root tissue compared with the trunk in this study are reflective of inherent differences between root and trunk tissue and not just a matter of genotype. The physiological basis for these differences is not readily apparent since no sign of scion/rootstock incompatibility was apparent in either the present study or the unpublished work mentioned above. The range of TNC mass fractions in trunk wood for peach in this study was similar to values reported for almond (Esparza et al., 2001 ) but somewhat higher than reported for sweet cherry (Keller and Loescher, 1989) . On the other hand, the root values were lower than reported for roots of the almond and sweet cherry in the same studies, but the root tissue analysed in the current study was from the root crown, whereas the previous studies used tissues from smaller roots.
The seasonal patterns of TNC mass fractions in woody tissues are consistent with the notion that carbohydrate storage should be viewed as an active process, as Cannell and Dewar (1994) asserted. The fact that the minimum TNC mass fractions in woody tissues of the defruited treatment remained higher than those in either the severely pruned or the unthinned treatment indicates that mobilization of carbohydrates in the spring may have been influenced by demand for carbohydrate reserves. Similarly, the fact that TNC mass fractions within the outer ring of xylem tissues returned to common levels similar to those at the beginning of the season, in spite of the fact that the time it took to return to the final common level varied strongly depending on the sink-source manipulations, is consistent with the notion of a sink saturation limit or a target mass fraction for each tissue age and location. Similar general seasonal patterns of starch or non-structural carbohydrates have been reported for many species, including peach (Stassen et al., 1982) , pistachio (Spann et al., 2008) and walnut (Lacointe et al., 1993) . The high TNC mass fractions in the August sample of bark tissues from the defruited treatment may indicate high availability of transport carbohydrates in the phloem tissues in late summer because of low sink activity in other parts of the plant. However, TNC mass fractions in both bark and wood were not significantly higher in November than in March, and thus TNC storage appeared to be saturated.
The strong effect of crop load on delaying the recovery of TNC storage, especially in the woody tissues, was expected and is consistent with the idea that fruits are very efficient sinks and also may have an advantage over the trunk because of their relative proximity to the photosynthetic sources (Cannell, 1985; DeJong, 1994, 1995) . The lag in the recovery of stored reserves in the severely pruned trees is consistent with the fact that there was probably a significant lag in photosynthetic production relative to the other treatments because of the initial loss of canopy scaffold branches with the heavy pruning. Also, the vigorous growth of epicormic shoots was very likely a strong competing sink for carbohydrates (Grossman and DeJong, 1998; Pernice et al., 2006) . It is interesting to note that the patterns of carbohydrate mass fractions in the August samples are consistent with replenishment of carbohydrate storage proceeding from the bark inwards, as one might expect, since carbohydrate transport to the inner rings would presumably move from the phloem in the bark, inwards through the radial parenchyma in the xylem (Zimmermann, 1971) . Lacointe (2000) and Le Roux et al. (2001) asserted that the lack of understanding and clear concepts regarding the dynamics of reserve storage and mobilization in perennial plants is a major limitation in most current carbon-based models of tree growth. The carbon partitioning rationale in the PEACH (Grossman and DeJong, 1994) and L-PEACH (Allen et al., 2005; Lopez et al., 2008; Da Silva et al., 2011) models is based on the concept that each organ in the tree is governed by the genetic code of the plant and that the expression of that genetic code in the phenotype is conditioned by environmental conditions and availability of resources (DeJong, 1999) . Based on the present research, it appears logical that modelling of the source-sink behaviour of carbohydrate storage in woody tissues could be conceptually approached in a manner similar to the growth of organs. The sapwood of the trunk and root crown of trees in this study ended the growing season with a fairly consistent and quantifiable, agedependent, maximum mass fraction of carbohydrates after very different patterns of mobilization that depended on the treatments applied in the spring, supporting our approach.
The simulation results indicate that this approach did a reasonable job of recreating the general pattern of carbohydrate storage and mobilization observed in the experimental data. However, the slight offset in the patterns indicated by the experimental data and the simulated data suggests that spring carbohydrate mobilization occurred sooner than was simulated. This was apparent in the hard pruning simulation experiment because strong mobilization of carbohydrates in the model did not occur until new epicormic shoots were stimulated to grow on the stumps left after pruning and a substantial amount of shoot growth stimulated the mobilization of stored carbohydrates. On the other hand, for the same reason, the simulated shoot growth in the unthinned treatment on intact trees stimulated more carbohydrate mobilization than apparently occurred in the field experiment. However, it is possible that the storage mobilization suggested by the modelling actually occurred in the field, at least partially, since the timing of the simulated mobilization fell between two sampling dates. Finally, the large simulation-measurement discrepancy observed in the root of the defruited treatment at DOY 150 is likely a consequence of excessive initiation of shoots early in the season due to the extra carbohydrate available subsequent to the removal of fruit sinks. The growth of these shoots likely generated an additional carbohydrate demand that required extra storage mobilization to sustain their growth. It is clear that the model needs more development with regard to spring storage remobilization, since it is known that some spring carbohydrate mobilization is initiated prior to spring growth and probably starts as a signal-activated process, with stored starch being hydrolysed and sugars being unloaded into xylem vessels prior to shoot growth actually occurring (Sauter et al., 1973) . Research is in progress to develop a winter chill-based phenology sub-model that can be incorporated into the model to provide such a signal.
The model simulated the replenishment of carbohydrates back into storage sink as a slower process than mobilization out of storage. It is interesting that refilling of the storage pool occurred more quickly in the simulations and field data of the defruited experiment than in the other two treatments. The speed of replenishment of storage sinks in the simulations was a function of the demand for carbohydrates by other sinks relative to the supply. This was presumably also what occurred in the unthinned and severely pruned field experiments, since unthinned peach trees can be severely carbon-limited during the entire period when the crop is on the tree (Grossman and DeJong, 1995) and severe pruning stimulates the production of epicormic shoots that continue to grow late in the season until environmental conditions become limiting (DeJong et al., 2012) . The slower rate of storage refill that was apparent in field data compared with what was simulated might also be due to the differences between the biochemical processes necessary to transform sugar into starch and those required to hydrolyse starch in the spring. Further research is needed before these details can be explicitly modelled within the framework of L-PEACH.
This study attempted to experimentally quantify the overwintering carbohydrate storage sink and source of stored carbohydrates available for spring mobilization in peach trees by imposing contrasting field treatments and analysing non-structural structural carbohydrate mass fractions. Data from these experiments were then used to parameterize a storage sub-model within the L-PEACH framework that was able to reproduce the general pattern of storage mobilization and replenishment. The simulation of shoot storage behaviour was somewhat better than the behaviour of the root, which probably reflects the fact that the development of the L-PEACH model has concentrated on simulating shoot growth much more than root growth; this is a recognized limitation of the current model.
These additions to the L-PEACH model represent a conceptually simple approach to modelling carbohydrate storage and mobilization in trees but do require collection of substantial amounts of field data. The data set used in this study was rather limited and more accurate results could probably have been obtained if more frequent carbohydrate sampling had been done in the field experiment. The current improvements in the model can be used to indicate the specific times during the growing season when additional field sampling would be particularly valuable. Additionally, the discrepancies in model behaviour suggest that additional mechanisms are involved and detailed modelling of these processes may require specific parameterization for a given species. Indeed, the more detail that is incorporated into modelling specific processes, the closer the connection of the model with a specific genotype. Being able to determine what parameters/processes are genetically altered among genotypes and incorporating them into functional-structural models is a major challenge for the future.
The empirical and modelling results of this study are consistent with the concept of active carbohydrate reserve sinks and sources proposed by Cannell and Dewar (1994) . We believe that the modelling approach we have used provides a clear path forward for understanding and modelling annual carbohydrate storage behaviour in trees.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford journals.org and consist of the following. Table S1 : results of the factor analysis for age, date, treatment and location and their interactions using a four-way ANOVA. Table S2 : grouping of ages generated from Tukey's HSD test. Table S3 : grouping of dates generated from Tukey's HSD test. Table S4 : grouping of locations generated from Tukey's HSD test. Table S5 : grouping of treatments generated from Tukey's HSD test. Table S6 : experimental values of TNC fraction for scion of the trees in the severe pruning treatment corresponding to Fig. 2A . Table  S7 : experimental values of TNC fraction for root of the trees in the severe pruning treatment corresponding to Fig. 2D . Table  S8 : experimental values of TNC fraction for scion of the trees in the unthinned treatment corresponding to Fig. 2B . Table S9 : experimental values of TNC fraction for root of the trees in the unthinned treatment corresponding to Fig. 2E . Table S10 : experimental values of TNC fraction for scion of the trees in the defruited treatment corresponding to Fig. 2C . Table S11 : experimental values of TNC fraction for root of the trees in the defruited treatment corresponding to Fig. 2F .
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